O)
The roll angle of the cradle 0¢ is used to locate the rotating cradle with respect to the fixed machine coordinate system S=. Parameters U, 0 and @o along with various machine tool settings can be used to completely define the location of a point on the cutting head in space.
Since the kinematic motion of cutting a gear is equivalent to the cutting head meshing with a simulated crown gear, an equation of meshing can be written in terms of a point on the cutting head (i.e., in terms of U, 0 and _,.). The equation of meshing for straight-sided cutters with a constant ratio of roll between the cutter and work piece is given in I's'6 as:
CU -r cot _k cos t#) cos 3' sin r + S(mo, -sin 3') cos _k sin 0:1: cos 3' sin 7 sin (q-#,.)]
:!: E= (cos 3" sin ¢ + sin 3' cos _ cos r) -L. sin 3' cos q_ sin r = 0
The upper and lower signs are for left and right hand gears respectively. The following machine tool settings are defined s.e.9. This is equivalent to: 
A similar requirements for the radial location of a point on the work piece results in (See figure 2).
r-(X_
The appropriate coordinate transformations (see equation 11) will convert equation (6) into a function of U, 0, and ¢,.
Equations (3), (5) and (7) form the system of nonlinear equations necessary to define a point on the tooth surface.
Solution Technique
An initial guess U°, 0°, Oc°is used to start iterative solution procedures. Newton's method is used to determine subsequent values of the updated vector Ct_, Ok, _¢k), m
Where the vector Y is the solution of:
af, CV _'') a/,ce-b 0A(4,1:5 av av 0_ a/2(e _-,) a/2(ej-_) a/2(¢t. -') au ae a#.
aA(e _-_) a/,(e*-5 aAOI,:-') av av a#o t "j 
Gear and Pinion Orientations Required For Meshing
After generating the pinion and gear surface as described above, the pinion cone and gear cone apex will meet at the same point as shown in figure 3 . This point is the origin of the fixed coordinate system attached to the work piece being generated. To place the gear and pinion in mesh with each other rotations described in the following example are required: To correct the interference the pinion is rotated CW about its axis of rotation (Z,) until surface contact occurs. For this example the rotation was 3.56°. Figure 4 shows an example of a simulated gear pair meshing. The generated pinion tooth was copied and rotated 12 times and the generated gear tooth was copied and rotated 36 times.
Contact Simulation
The tooth pair mesh contact point can be located The design data for the pinion and gear are given in Table I . The design data are used with methods given in6 to determine the machine tool settings for the straight sided cutter data given in Table II At the orientation chosen between the pinion and gear two pairs of teeth were in contact.
One pair had contact near the middle region of the tooth and another pair had contact near the toe (i.e., about to go out of mesh).
Initially the model started with a total of twenty one gap elements. For the tooth that is approximately midway through mesh, fifteen gap elements were used.
For the tooth about to leave mesh, four gap dements were used. The analysis starts with one gap elements closed in each contact zone.
Within the finite element code an iterative process is used to determine how many gap elements must close to reach static equilibrium. -17629.
-57455.
-97281.
-137107.
-176933.
-216759.°2
56584.
\ -296410.
Fibre 7. Stress contours in pinion tooth.
